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͑5͒
The steady-state extinction angle decreases less dramatically with shear rate than predicted by the DE model. ͑6͒ The steady-state viscosity of different molecular weights falls approximately on one curve in the power-law regime. ͑7͒ The rate of stress relaxation following cessation of steady shear flow is shear rate dependent. Many attempts, within the reptation picture, have been made to improve the situation. In these works, effects of chain stretching, convective constraint release, and other types of constraint release are found to be very important in describing experimental trends in fast shearing flows.
A. Chain stretching
Marrucci and Grizzuti ͑1988͒ first proposed a modified, single-segment reptation model that introduces segmental stretch in an ad hoc manner, and predictions for the steady-state properties of simple shear and planar elongational flows were reported. Surprisingly, predictions for the power-law index of steady-state viscosity in shear flow are worsened for this model, by incorporating the effect of segmental stretch. That is, a power-law index larger than 3 2 , which is predicted by the original DE model, was reported by their model.
Later, Pearson et al. ͑1991͒ considered the same type of reptation model with segmental stretch, but extended the predictions to include transient behavior. Their model is able to predict several important features found in experiments, including transient overshoot in shear stress and in the first normal stress difference. Quantitative agreement with experimental data for the strain magnitudes at maximum stresses at low shear rates predicted by their model is particularly promising. However, they reported no results concerning the transient stress growth aside from strain at maximum stress. Leal ͑1995͒ and Mead et al. ͑1995͒ have further considered a singlesegment reptation model with approximations for both finite extensibility and segmental stretch to account for the saturation of birefringence observed experimentally in simple planar flow. No major improvement has been reported by them concerning simple shearing flow.
B. Constraint release
Ö ttinger ͑1994͒ has considered a reptation model that introduces an ad hoc effect to mimic constraint release in a single-segment theory. The model predicts an improved power-law index of 4 3 for the steady-state viscosity in shear flow. However, the shear stress vs. shear rate curve still exhibits a maximum.
Ianniruberto and Marrucci ͑1996͒ have proposed a constraint release mechanism that is important only in fast shearing flow called convected constraint release ͑CCR͒. Their model predicts that the steady-state shear stress asymptotically approaches a plateau at high shear rates; in other words, a power-law index of steady-state viscosity equal to one is predicted. Based on the idea of CCR, Larson, Mead, and Doi ͓Larson et al. ͑1998͔͒ further modified the theory by Marrucci and Grizzuti ͑1988͒ ͓see also Leal ͑1995͒ and Mead et al. ͑1995͔͒ to include the effects of constraint release in shear flow. From their approximate, single-segment theory, they concluded that CCR is fully responsible for the discrepancies observed in ͑3͒, ͑4͒ and ͑5͒ for the DE model and other modified reptation theories considered by them.
C. Full-chain theory
Hua et al. ͑1997͒ proposed a constant-contour-length, full-chain model without chain stretching or constraint release using a stochastic algorithm. The model did include segment connectivity in a more rigorous manner. However, no major improvement was reported regarding shear flow predictions.
Recently, a self-consistent, full-chain reptation theory that accounts for effects of chain-length fluctuations, segmental connectivity, segmental stretch, and constraint release has been proposed ͓Hua et al. ͑1998͔͒ and used to predict the linear and nonlinear viscoelasticity of concentrated polymer liquids under single-step ͓Hua and Schieber ͑1998͔͒ and double-step ͓Hua et al. ͑1998͔͒ strain flows. Excellent agreement with experiments were found for all rheological properties investigated. In this theory CR can be optionally turned on or off, facilitating one to discriminate effects between chain stretching and CR on the shearing flow behavior. Moreover, effects of finite extensibility can also be incorporated easily into the model to facilitate the study of strong flows. Therefore, we wish here to apply the theory further to transient and steady-state shear flows. Since no approximations such as independent alignment or consistent averaging are needed to obtain the model's predictions, definitive conclusions may be drawn about reptation models. We show that this full-chain reptation model is able to describe all of the points above, as well as several new observations, when compared to an entangled polystyrene solution.
II. THEORY
Here we summarize briefly the essential features of the model introduced in the previous two companion papers and applied in this work for shear flow. The model is most easily evaluated using a stochastic algorithm. The reader is referred to parts I and II for more details ͓Hua and Schieber ͑1998͒; Hua et al. ͑1998͔͒: ͑i͒
The polymer chain is modeled as a FENE chain confined in a tube. The chain motion is described by a set of (NϪ1) stochastic differential equations for the motion of the (NϪ1) segments, plus one stochastic differential equation for the reptative motion of the chain at one end. ͑ii͒
The motion of the tube consists of two parts: a deterministic part assuming affine deformation, and a stochastic part executing the constraint release mechanism.
The new chain length and the reptative motion at both ends are obtained by solving the set of N stochastic differential equations, which are coupled with the equation of motion for the tube through the tube velocity. ͑iii͒ The tube dynamics are influenced by the chain dynamics through boundary conditions at the ends of the tube. The tube length is determined by the chain length, and tube segments are created whenever the chain end exits an end tube segment longer than a pre-determined length. Tube segments are destroyed whenever abandoned by the chain. ͑iv͒ Whenever a tube segment is destroyed by chain abandonment ͑for example, through reptation, retraction, or chain-length fluctuation͒, we randomly pick a constraint formed by two adjacent tube segments on another chain in the ensemble to be released, provided the chosen constraint was born after the tube segment which was destroyed by reptation. This mechanism is similar to that proposed by Ianniruberto and Marrucci, although tube abandonment can occur by more mechanisms here. We refer to it simply as constraint release ͑CR͒. It is also similar to the double reptation concept of Tsenoglou ͓des Cloizeaux ͑1987͒; Tsenoglou ͑1987͔͒.
͑v͒
A Kramers-type expression is used to calculate the stress ͓Bird et al. ͑1987͒; Hua and Schieber ͑1998͔͒. Note that the effects of segment connectivity, chain-length fluctuations, segmental stretch, and CR are all incorporated into the model in a self-consistent manner. That is, these effects arise from the mechanical model, and are not added ''by hand.'' Hence, we introduce only a single new parameter N, which eliminates the need for the Maxwell demons. In order to retain the usual scaling for the ratio of disengagement to Rouse times-namely, d / R ϭ 3͗Z͘ eq -we always choose N/͗Z͘ eq ϭ 3. This value also leads to the usual prediction for the plateau modulus. A detailed discussion of parameters is made in ͓Hua and Schieber ͑1998͔͒.
For the start up of steady shear flow, the velocity is given by v x ϭ v z ϭ 0 and v y ϭ ␥ H(t), where ␥ is the steady-state shear rate, and H(t) is the Heaviside function. A similar flow field is imposed for steady shear and cessation of steady shear.
When finite extensibility is included, the spring force F i s acting on the ith segment with length Q i has form ͓Warner ͑1972͔͒
where H is the spring constant, kT is the Boltzmann constant times the absolute temperature, and b is the square of the maximum dimensionless length that a chain segment can be stretched, or three times the number of Kuhn steps in the chain segment.
Two parameter values must be specified in the simulations: the average number of entanglements, and the finite extensibility parameter b. In this work, we use the same set of parameter values, ͗Z͘ eq ϭ 7 and b ϭ 25, as used in the previous two companion papers. The former value is reasonably consistent with the value estimated for the entangled polystyrene solution discussed below. The finite extensibility parameter, b, is picked to be 25 in all simulations. For N/͗Z͘ eq ϭ 3, this value corresponds to 25 Kuhn steps per entanglement molecular weight M e , or 13 monomers per Kuhn step. This value of monomers per Kuhn step may be a little large for comparison with the experimental system considered ͓Flory ͑1988͒; p. 39͔, but should be sufficiently accurate to make reasonable comparisons. CR is switched on for most of the cases, otherwise to be mentioned.
III. EXPERIMENTAL PROCEDURE
The test fluid is a solution in tricresyl phosphate of nearly monodisperse polystyrene with a molecular weight M w of 1.9ϫ10 6 ͑polydispersity index of 1.2͒ at a polymer concentration n of 0.135 g/cm 3 . Extensive data sets in single-and double-step strain flows for this fluid have been reported ͓Venerus and Kahvand, ͑1994a͒, ͑1994b͔͒ and were found to be in excellent agreement with predictions from the model considered in this study ͓Hua and Schieber ͑1998͒; Hua et al. ͑1998͔͒. This fluid has a zero-shear-rate viscosity 0 of 6.8ϫ10 4 g/cm s, a zero-shear-rate first normal stress coefficient ⌿ 1,0 of 2.0ϫ10 6 g/cm; and the longest relaxation time of the fluid d is estimated to be 15 s. From step strain tests at large strains ͓Venerus and Kahvand ͑1994a͔͒, where the shear stress relaxation modulus was not factorable into strain-and time-dependent functions, the relaxation time R associated the nonfactorable response ͑often referred to as the Rouse time of a polymer chain͒ is estimated to be 0.75 s. According to the reptation picture, the ratio d / R ϭ 3͗Z͘ eq , where ͗Z͘ eq is the average number of tube segments per chain at equilibrium. Consequently, for this fluid, we have ͗Z͘ eq Ϸ 7. As a check we may use the relation ͗Z͘ eq Ϸ 1.2 M /M e , where ϭ 0.13 is the volume fraction of polymer. The molecular weight between entanglement points M e is approximately 1.8 ϫ10 4 ͓Ferry ͑1980͔͒, which yields Z Ϸ 9. We will assume the former value of 7.
Rheological experiments were made on a rheometrics mechanical spectrometer ͑RMS-800͒. The shear rate was stepped from zero to a value that was maintained until steady values of torque and axial thrust were achieved, which was followed by a step change of the shear rate to zero. Torque and axial thrust data from tests conducted in the cone and plate geometry were converted to values of shear viscosity and first normal stress coefficient ⌿ 1 using established relations. The effects of transducer compliance on transient normal stress measurements were effectively eliminated by appropriate selection of cone diameter and cone angle ͓Kahvand ͑1995͒; Venerus and Kahvand ͑1994b͔͒. All tests were conducted at 23°C and reported data are averages of at least three runs ͓Kahvand ͑1995͔͒.
IV. RESULTS

A. Inception of steady shear
In Fig. 1 we compare the transient growth of the shear stress for several shear rates. In the model, the longest relaxation time is defined as
where H ª /4H is the Hookean time constant, is the friction coefficient between a bead and the tube, and H is the spring constant. We see that the model is able to capture the features of the data quantitatively, except at the highest shear. Note that the model captures not only the overshoot, but the undershoot at high shear rates. In these comparisons we have included finite extensibility, although the Hookean ͑Rouse͒ chains show similar behavior. Figure 2 shows the simulation results for many shear rates. We see, in accord with experiment ͑not shown͒, that the linear viscoelastic limit forms an upper envelope for all the shear rates. The first normal stress difference exhibits similar behavior, but is not shown.
Comparisons are also made for the first normal stress in Fig. 3 . Consistent with the observations of Pearson, et al. ͑1991͒, we find that chain stretching leads to first normal stress overshoot at start up. Also suggested by the model and the data is a slight undershoot at the highest shear rate. Not shown are the transient second normal stress difference model predictions, which have a qualitative shape similar to that seen in the transient first normal stress difference.
In Fig. 4 , we plot the strain magnitude ␥ p at the maximum stress as functions of shear rate for the two stresses. Pearson et al. ͑1991͒ reported values of ␥ p,0 ϭ 2.3 and 4.6 for shear stress and first-normal-stress difference, respectively, where ␥ p,0 is the smallest strain when stress overshoot first occurs, in comparison with the experimental finding of ␥ p,0 ϭ 2.3 and 5. In our simulations, the corresponding values are found to be ␥ p,0 ϭ 2.0 and 4.5. We consider these to be good agreements, given the difficulty in precisely locating the onset of overshoot ͑in both experiment and simulation͒.
Pearson et al. also found that the values of ␥ p for these two stresses stay nearly constant at low shear rates and increase linearly at high shear rates on a double logarithmic scale. The transition to shear-rate-dependent ␥ p occurs at approximately d ␥ ϭ 20, or R ␥ ϭ 1, where R ϭ d /N is the Rouse relaxation time. The same tendencies are also observed in Fig. 4 from our simulations. The agreement with data throughout the entire shear rate range is remarkable.
B. Steady shear flow
In Figs. 5 and 6 we compare the steady-state viscosity and the first normal stress coefficient, respectively, normalized by their respective zero-shear-rate values as functions of shear rate. Predictions for three cases are shown: the Rouse chain with and without CR, and the FENE chain with CR. We find that finite extensibility has a minor effect only at a Deborah number of 500 or higher. The slopes in the power-law regime on the logarithmic scale yield power-law indices of 0.96Ϯ0.01 and 1.50Ϯ0.03, respectively, for the steady-state viscosity and the first normal stress difference coefficient when CR is present. The shear rate range used to evaluate the power-law indices is from d ␥ ϭ 2 to 200. If CR is not present, one obtains 1.12Ϯ0.01 and 1.65Ϯ0.02 as the corresponding values for the power-law indices.
As pointed out earlier, the DE model predicts a power-law index of 3 2 for the steadystate viscosity. An improved prediction of 4 3 was given by Ö ttinger ͑1994͒ for a modified, single-segment reptation model with constraint release but no chain stretching. Based on an approximate, single-segment reptation model, Marrucci and Grizzuti ͑1988͒ concluded that the prediction of the power-law index for the steady-state viscosity is worsened with the inclusion of segmental stretch. However, we have shown here an improved prediction for the same quantity, even when the constraint release mechanism is not included in the model. This discrepancy between our results and those of ͓Marrucci and Grizzuti ͑1988͔͒ could be due to the consistent-averaging approximation used in their single-segment model, and points out the importance of removing approximations to the Doi-Edwards reptation model.
We also find that the comparison with data is reasonable over the shear rate range for shear stress, and excellent for the normal stress. Note that, whereas the prediction of the power-law index of the steady-state viscosity is somewhat larger than what is observed for their system ( Ϸ 0.8), the prediction for the first normal stress difference is consistent with the data ( Ϸ 1.48). Even a small amount of polydispersity in the polystyrene could explain the small discrepancy in the shear stress comparison, since the presence of the second plateau makes the power-law region for the viscosity curve rather small.
For the sake of completeness, we also show the negative of the steady-state ratio of second to first normal stress difference coefficients as a function of the dimensionless shear rate in Fig. 7 . No such data are available on our system of polystyrene. However, The DE model and most of the other modified reptation theories predict a maximum in the curve of the steady-state shear stress versus shear rate. Based on such a prediction, many previous workers predicted that stress instability might occur at high shear rates for polymer melts. However, no direct evidence seems to support this idea. In Fig. 8 , we plot the shear stress as a function of shear rate using the same set of data as in Fig. 5 . One can see that when CR is not present, the theory predicts a maximum of steady-state shear stress; it disappears, however, when CR is added to the model. In comparison with the value of 3 2 predicted by the DE model, the magnitude of the power-law index for steadystate viscosity is first modified by the chain-stretching effect to be a lower value ( ϭ 1.12), and is further corrected by CR to fall below one ( ϭ 0.96). We thus conclude that both chain stretching and CR effects are essential for the reptation model to predict the right shape of the shear stress curve.
In order to examine the effect of molecular weight, we also plot the steady-state viscosity as a function of shear rate for two different chain ͑and tube͒ lengths, N ϭ 15(͗Z͘ eq ϭ 5) and 21(͗Z͘ eq ϭ 7), using the Rouse chain with CR. In Fig. 9 one sees that the steady-state viscosity of two different molecular weights coincides in the power-law region, in agreement with experiments ͓Stratton ͑1966͔͒.
C. Transient and steady extinction angle
In Fig. 10 estimated here the extinction angle on either stress predictions ͑for the model͒ or stress measurements ͑for the experiment͒ as ϭ In the flow considered in Fig. 11 , steady shear flow with a shear rate ( d ␥ ϭ 100) is first imposed, followed by step down to a smaller shear rate ( d ␥ ϭ 10͒. One observes an immediate undershoot in the extinction angle at the inception of the second shear rate before it climbs to a higher steady-state value. These calculations are performed for Rouse chains with CR. The predictions shown in Figs predictions do not depend on whether CR is present, in contrast to what has been found in single-segment theories ͓Larson et al. ͑1998͔͒ where an effect similar to CR is found to be essential for predicting such behavior. An explanation of the effect is given in Sec. IV D.
In Fig. 12 we show the steady-state extinction angle as a function of shear rate. We find that CR prevents the polymer chain from aligning with the flow too dramatically, and thus avoids the strong shear thinning in the high shear rate regime. The predictions of the model employing CR agree almost perfectly with the experimental results.
D. Cessation of steady shear
In Fig. 13 we plot the normalized stress relaxation following cessation of steady shear flow for several shear rates in the range d ␥ ϭ 0.5-100. The model predicts that the stress relaxation rate increases with the shear rate, in accord with the experiments shown This behavior can be attributed to a faster chain retraction rate as the prior shear rate is increased. In Figs. 13 and 14 we have shifted each of the curves along the ordinate by a shear-rate-dependent factor h c (␥ ). Plotting the simulation results in this manner illustrates that the shear stress relaxations superpose for times longer than the retraction time of the chain k Ϸ 0.2 d , in a manner analogous to what is observed for nonlinear step strain data ͓Venerus and Kahvand ͑1994a͔͒ ͑and model predictions ͓Hua and Schieber ͑1998͔͒͒. Hence, we introduce a generalized damping function h c (␥ ) analogous to the traditional damping function h(␥).
Shear stress decay data for polystyrene during the cessation of steady shear are shown in Fig. 14 . Again, the data are shifted by the generalized damping function h c (␥ ). We find that the data exhibit the same separability as predicted by the model, starting at the same dimensionless time (
Such separability can be understood from the model in the following way. During steady shear, the chain segments are both stretched and oriented by the flow. At short times following the cessation, the chain can retract before reptation has appreciably reoriented the chains. Once the chains have retracted to their equilibrium length, the other relaxation mechanisms ͑reptation, chain-length fluctuations, CR͒, which are the only ones present at equilibrium, become important. Since these processes are not orientation dependent, they yield the same relaxation behavior as G(t).
In Fig. 15 we compare the model predictions for the generalized damping function with that found for the data to create a plot with the damping function used in step strain, one could estimate the amount of chain stretching during steady shear. The decay following cessation of steady shear is not completely analogous to step strain, however, as can be seen from following the extinction angle. Figure 16 shows the model's predictions for the birefringence extinction angle following steady shear for a dimensionless shear rate of 150. We see that the extinction angle actually decreases with time up to the retraction time, where it appears to level off. The Lodge-Meissner relation implies that the extinction angle following a single-step strain should remain constant. The difference can be understood in the following way.
Before a step strain every segment is chosen from an isotropic ͑equilibrium͒ distribution. Immediately following the imposition of the strain, every segment is now chosen from a distribution whose average has a preferred orientation-independent of the segment's position along the chain. Hence, as the orientation of the outer segments is destroyed first, the inner segments maintain orientation. Contrast this picture with what happens during steady shearing flow.
In steady shearing flow, the chain segments are continually oriented by the flow field. However, there are competing relaxation mechanisms that tend to make the segments isotropic. These relaxation mechanisms ͑predominately reptation, retraction and chainlength fluctuation͒ are much more rapid for the end segments than they are for the inner segments. Hence, during shear flow, the inner segments are significantly more oriented than the outer chain segments. Once the flow is switched off, the outer segments relax first, now predominately aided by chain retraction, leaving only the inner segments, which now have greater orientation. Hence, the extinction angle goes down with time.
The above description also explains why the extinction angle goes through a minimum before reaching its higher steady state value when the steady shear rate is suddenly decreased, as in Fig. 11 . This effect is not seen by Larson et al. ͑1998͒, because the theory considered there does not have a detailed level of description. Apparently, a full-chain description is needed in order to capture this effect.
V. CONCLUSIONS
A self-consistent reptation model that includes chain stretching, chain-length fluctuations, segment connectivity and constraint release is further used to investigate transient and steady shearing flows. Quantitative comparisons are made with experimental data of entangled polystyrene. In addition to the excellent agreement already found in single-and double-step experiments, we find that the model's predictions agree very well with all kinds of rheological properties investigated for shearing flow, summarized as follows:
͑1͒ The model predicts transient overshoot for both the shear stress and normal stress difference at high shear rates. The locations of the maxima as a function of shear rate are in excellent agreement with experiment. The magnitude of the overshoot in shear and normal stresses are well predicted by the model, except at the highest shear rates, where the simulation is somewhat overpredictive. ͑2͒ The model predicts power-law indices equal to 0.96Ϯ0.01 and 1.50Ϯ0.03 for the steady-state viscosity and the first normal stress difference coefficient, respectively, as compared to the experimentally found values of 0.88 and 1.60. The small discrepancy may arise from polydispersity effects in the data not accounted for in the calculations. However, the results are a dramatic improvement over previous reptation models. ͑3͒ The model predicts transient undershoot of the extinction angle during the start up of steady shear flow at high shear rates, and an immediate step down following the inception of another shearing flow with a smaller shear rate. The shape of the steadystate extinction angle curve represents extremely well the experimental finding. ͑4͒ The steady-state viscosity is predicted to be nearly independent of molecular weight in the power-law region of the shear rate curve. ͑5͒ The stress relaxation rate following cessation of steady shear flow is found to increase with shear rate, as found in experiments. Moreover, the model has suggested a new interpretation for experimental data, which is found to give excellent agreement between the model and data. Namely, a generalized damping function is suggested that yields separability in the shear stress following the retraction time of the chains. In contrast to conclusions based on single-segment reptation theories ͓Larson et al. ͑1998͔͒, the constraint release mechanism adopted in this work does not appear to be fully responsible for all successful features listed above. We have found that constraint release appears to be important in the prediction of steady-state viscosity and birefringence extinction angle curves as functions of shear rate only. However, chain stretching appears to be most important, except in ͑2͒ where a power-law index greater than one for the steady-state viscosity is predicted when constraint release is absent. The power-law TABLE I. The importance of model effects in describing the experimental observations listed in the first column. An X means that the model feature has an important effect on the shape of the data curves, whereas no X means that it modifies the predictions quantitatively, but is not necessary to predict the correct shapes of the curves. index of steady-state viscosity is still found to be improved by the presence of chain stretching in the model, contrary to the conclusion from a previous single-segment theory with approximations ͓Marrucci and Grizzuti ͑1988͔͒. Based on comparison of these simulations with those works discussed in Sec. I, we suggest that the relative importance of each molecular effect in describing experimental observations is as listed in Table I . It may be possible, however, to construct singlesegment theories that are able to handle the effects considered to have 'Qualitative' importance in the column with the heading 'full chain.'
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